To determine whether optical coherence tomography (OCT) is useful for quantitative evaluation of the thickness of the rat retinal nerve fiber layer (RNFL) in an optic nerve crush model. METHODS. An OCT system was developed with a modified commercial time-domain OCT and a superluminescent diode with a bandwidth of 150 nm. Optical components were optimized to acquire rat retinal images. The right optic nerve was crushed intraorbitally with a clip. The left eye served as the untreated control. Circumpapillary OCT scans with a circle diameter of 500 m centered on the optic disc were performed before and 1, 2, and 4 weeks after the crush. Repeatability and reproducibility of RNFL thickness measurements were evaluated. The RNFL thicknesses at 400, 500, and 600 m from the center of the optic disc determined by linear vertical OCT scans were compared with thicknesses in retinal sections. RESULTS. The mean RNFL thicknesses in circumpapillary OCT scans were 27.9 Ϯ 1.8, 29.2 Ϯ 2.4, 19.9 Ϯ 2.3, and 4.5 Ϯ 3.6 m before and 1, 2, and 4 weeks after the crush, respectively. RNFL thickness was unchanged 1 week after the crush, but then decreased significantly and progressively after the second week (P Ͻ 0.01). Coefficients of repeatability and reproducibility were less than 10% except for the crushed eyes at 4 weeks. RNFL thicknesses in OCT images correlated significantly with thicknesses determined histologically (r ϭ 0.90, P Ͻ 0.001). CONCLUSIONS. OCT is a useful and valuable tool for quantitative evaluation of rat RNFL thickness. (Invest Ophthalmol Vis Sci.
O cular hypertension, ischemia-reperfusion, and optic nerve crush rodent models have been used to elucidate the pathophysiology of glaucoma and other optic neuropathies. 1, 2 In these models, loss of retinal ganglion cells (RGCs) has usually been evaluated histologically by counting the number of cell bodies in the retina or their axons in the optic nerve. [3] [4] [5] [6] For intraretinal axons of RGCs, qualitative assessment of the effects of axotomy has been performed by staining the axons in the flatmount retina. 4, 7 Recently, we reported on in vivo evaluation of changes in the retinal nerve fiber layer (RNFL) with a scanning laser ophthalmoscope (SLO) in a rat model of optic nerve injury. 8 Optical coherence tomography (OCT) is a technology capable of producing high-resolution optical cross sections of the retina and providing quantitative measurements of RNFL thickness, macular retinal thickness, and optic disc morphology in human eyes. 9, 10 OCT has been also used for imaging the rodent retina. [11] [12] [13] [14] [15] [16] [17] [18] However, a MedLine search did not find any reports on OCT evaluation of RNFL changes in rodent eyes with optic nerve injuries, although one study used an OCT for assessing RNFL thickness in normal rat eyes. 15 In this study, we investigated whether OCT is useful for in vivo imaging and quantitative evaluation of rat RNFL in an optic nerve crush model.
MATERIALS AND METHODS

Animals
Male Brown-Norway rats, 8 weeks of age and weighing 200 to 250 g, were used in the study. The rats had free access to food and water and were maintained in cages in an environmentally controlled room with a 12 hour light-dark cycle. All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Experimental procedures were approved by the Committee on Animal Experimentation of Kanazawa University (Takara-machi Campus, Japan). All experiments were conducted on rats anesthetized by an intraperitoneal injection (65 mg/kg) of pentobarbital sodium (Somnopentil; Schering-Plough Animal Health, Omaha, NE). For the optic nerve crush model, the optic nerve of the right eye was crushed intraorbitally with a clip (Micro Vascular Clip; Roboz Surgical Instrument Co., Gaithersburg, MD) as described in previous reports. 8, 19 The left eye served as the untreated control.
Modification of a Time-Domain OCT for Rat Retina
The quality of images obtained by a commercially available timedomain OCT (EG Scanner; Microtomography Co. Ltd., Yamagata, Japan) was not adequate for visualization of the rat RNFL (Fig. 1A) . Given that the coherence length that determines the axial resolution of the OCT system is inversely proportional to the bandwidth, 10 an experimental OCT system was developed with the time-domain OCT and a multiplexed two-superluminescent-diode (SLD) light source (Broadlighter; Superlum Diodes, Ltd., Moscow, Russia). The SLD had a center wavelength of 890 nm, a bandwidth of 150 nm, and an output power of 6 mW, whereas the original SLD had a center wavelength of 830 nm, a bandwidth of 20 nm, and an output power of 6 mW.
Optical components (beam splitter, mirror, and lens) in the experimental OCT system were optimized for the new SLD. To improve the signal-to-noise ratio, which decreases with a broader bandwidth SLD, the signal frequency was changed from 15 to 5 MHz. The resultant image acquisition time was lengthened from 1.5 to 4.5 seconds. Along with these modifications, the filter property in the analog signal processor was optimized to the high-resolution signal produced by the broadband light source. A dispersion compensating glass block was inserted in the reference arm to correct the dispersion imbalance between the sample and reference arms of the interferometer, which was caused by the change in SLD bandwidth. In addition, the light path length was modified to be suitable for rat eyes with a short axial length. The power delivered to the rat eye was 1200 W. Each scan consisted of 600 axial scans (133 axial scans per second). Each axial scan sampled 1600 axial pixels spanning an axial range of 1.0 mm. The calibrated axial resolution of the system was 5.8 m in air, corresponding to 4.3 m in tissue, which was significantly improved compared with that of the original SLD (10 -20 m in tissue). The measured system sensitivity was 80 dB. The dynamic range of the OCT images was 30 dB.
According to data of representative rat 20 and human (Gullstrand's schematic eye) eyes, the total power of the rat eye is much greater than that of the human eye (300.705 vs. 58.64 D). Therefore, lateral magnification of the rat fundus should be approximately five times larger than that of the human fundus. Accordingly, the imaging area of the charge-coupled device (CCD) camera, which displayed the fundus and the scan positions, was approximately 2 ϫ 2 mm 2 in rat eyes compared with 1 ϫ 1 cm 2 in human eyes.
OCT Imaging of Rat RNFL
OCT imaging of RNFL in rat eyes was performed before (baseline) and at 1, 2, and 4 weeks after optic nerve crush (n ϭ 9). The eyes were dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride eye drops (Santen Pharmaceuticals, Osaka, Japan). To preserve corneal clarity throughout the experiment, a custom-made contact lens with a radius of curvature of 2.75 mm, a diameter of 5.0 mm, and 0 D (Unicon Corp., Osaka, Japan) was placed on the cornea after topical anesthesia with 0.4% oxybuprocaine hydrochloride eye drops (Santen Pharmaceuticals). The rat was placed on a platform without any fixation of the head or eye. The platform could be rotated manually around the longitudinal axis of the body or in the horizontal plane. This facilitated careful adjustment of the eye position to keep the optic disc in the center of the CCD camera image and the scan beam perpendicular to the fundus. Although our time-domain OCT takes considerable time for a single scan (4.5 seconds), rats under general anesthesia did not cause significant motion problems of the head or eye during the scan. Circumpapillary OCT scans with a circle diameter of 500 m centered on the optic disc were performed at each time point (four OCT sessions during the experimental period).
To compare RNFL thickness determined by OCT images and histology, we also performed vertical linear OCT scans at distances of 400, 500, and 600 m from the center of the optic disc (toward the temporal or nasal side in the right or left eye, respectively) at 4 weeks after the crush followed by histologic preparations. Linear scan data of all nine right eyes and five left eyes were treated as data at 4 weeks after the crush and baseline, respectively. The right eyes of additional rats were used for linear scans and histologic evaluation at 1 and 2 weeks after the crush (n ϭ 3 and 5, respectively).
For both circumpapillary and linear OCT scans, three scans with good image quality were recorded for each eye at each time point. RNFL thicknesses were measured manually in each of three OCT scans with image-analysis software (Image-Pro Plus 6.0; MediaCybernetics, Inc., Silver Spring, MD) in a masked fashion by a single observer, and the mean thickness was determined. In areas where a major blood vessel interrupted RNFL tissue, the RNFL thickness was determined as the average of the RNFL thickness measurements from the two adjacent points.
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Histologic Evaluation of the Rat RNFL
Immediately after linear OCT scan imaging, the rats were given an overdose of anesthesia and perfused through the left ventricle first with saline, then with 4% paraformaldehyde-0.5% glutaraldehyde in 0.1 M phosphate buffer. The eyes were enucleated, the anterior segment of each eye was removed; and a small marking cut was placed on the edge of the posterior eye cup to identify the superior retinal portion. The eye cup was fixed in 4% paraformaldehyde-0.5% glutaraldehyde in 0.1 M phosphate-buffered saline for 2 hours at room temperature and was embedded in paraffin. Serial 6-m paraffin-embedded sections were cut along the vertical meridian of the globe. The section number (Ny) corresponding to a certain distance (Y) from the center of the optic disc in the CCD camera image was estimated from the total number of sections that were cut through the optic disc (Nd) and the diameter of the optic disc in the CCD camera image (D) as follows:
Retinal sections taken from locations 400, 500, and 600 m distant from the center of the optic disc (corresponding the locations of linear OCT scans) were stained with hematoxylin-eosin and observed under an optical microscope (Axioplan2; Carl Zeiss Jena GmbH, Jena, Germany). The digital images were recorded as JPEG files with a digital cooled CCD camera (DS-5Mc-L1; Nikon Corp., Kanagawa, Japan). For each eye, RNFL thickness in each retinal section was measured with image-analysis software (Image-Pro Plus 6.0; Media Cybernetics) in a masked fashion by a single observer. In areas in which a major blood vessel interrupted RNFL tissue, the RNFL thickness was determined as described previously for OCT imaging.
Statistical Analysis
Differences in RNFL thickness were analyzed by paired t-tests for comparisons between control and crushed eyes or OCT images and retinal sections and by repeated-measures ANOVA and post hoc analyses for comparisons between different time points, different quadrants, or different retinal locations in the same retina. Differences in the superior/inferior and temporal/nasal ratios of RNFL thickness at different time points were analyzed by the Friedman test. Pearson's correlation coefficient was used to test the correlations between RNFL thicknesses determined from OCT images and from retinal sections. P Ͻ 0.05 was considered statistically significant. Data are expressed as the mean Ϯ SD.
To examine the repeatability and reproducibility of RNFL thickness measurements by OCT, the coefficient of repeatability (1.96 ϫ SD of differences between pairs of measurements in the same eye during the same OCT session) and the coefficient of reproducibility (1.96 ϫ SD of differences between measurements in the same eye at different OCT sessions) were calculated according to methods outlined by Bland and Altman. [22] [23] [24] The coefficient of repeatability was determined by using RNFL thickness measurements in two of three circumpapillary scans (first and third scans) in the same eye during the same OCT session. The coefficient of reproducibility was determined by using mean RNFL thickness measurements in circumpapillary scans in the same control eye at different OCT sessions. Coefficients of repeatability and reproducibility were also expressed as a percentage of the mean measurement (this is equal to 1.96 ϫ coefficient of variation).
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RESULTS
OCT Imaging of Rat RNFL
OCT images obtained with commercial time-domain OCT showed only that the rat retina had two layers, with strong refraction from the inner layer and weak refraction from the outer layer, and the images were not clear enough to identify the RNFL (Fig. 1A) . By contrast, the rat RNFL was clearly visualized with the experimental OCT (Fig. 1B) . Furthermore, comparisons between the retinal section (Fig. 1C ) corresponding with the location of the OCT scan and the OCT image (Fig.  1D) clearly demonstrated that other retinal layers were also discernible in the OCT image.
RNFL Changes in Thickness over Time Caused by the Optic Nerve Crush
Mean RNFL thicknesses measured in circumpapillary OCT scans with a circle diameter of 500 m centered on the optic disc were 27.9 Ϯ 1.8, 29.2 Ϯ 2.4, 19.9 Ϯ 2.3, and 4.5 Ϯ 3.6 m at baseline and 1, 2, and 4 weeks after the optic nerve crush, 2810 Nagata et al.
IOVS (Figs. 2, 3 ). RNFL thickness was unchanged 1 week after the crush, but then decreased significantly and progressively after the second week (P Ͻ 0.01). There were no significant changes in RNFL thickness in the untreated control eyes during the experimental period (Fig. 3) . To compare normal RNFL thickness by quadrants, we combined baseline OCT data from both eyes. The mean RNFL thickness was 29.6 Ϯ 4.1, 27.5 Ϯ 3.4, 27.9 Ϯ 3.9, and 26.1 Ϯ 2.3 m in the superior, temporal, nasal, and inferior quadrants, respectively. The mean RNFL thickness measured in the superior quadrant was significantly greater than the mean thickness in the inferior quadrant (P Ͻ 0.05). The RNFL changes in thickness in each quadrant, caused by the optic nerve crush, are shown in Figure  4 . There were no significant differences in RNFL thickness changes among the different quadrants 1 and 2 weeks after the optic nerve crush. However, RNFL thickness in the inferior quadrant was significantly greater than thickness in the temporal and nasal quadrants 4 weeks after the crush (P Ͻ 0.01), although the difference was less than 10%. Superior/inferior and temporal/nasal ratios of RNFL thickness were also examined at each time point. Superior/inferior ratios, expressed as a percentage of the baseline value (100% Ϯ 9.8%), were 95.6% Ϯ 9.1%, 88.1% Ϯ 10.5%, and 86.4% Ϯ 32.5% at 1, 2, and 4 weeks after the optic nerve crush, respectively. 
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Similarly, temporal/nasal ratios, also expressed as a percentage of the baseline value (100% Ϯ 14.5%), were 99.8% Ϯ 10.5%, 96.7% Ϯ 11.0%, and 112.3% Ϯ 84.8% at 1, 2, and 4 weeks after the optic nerve crush, respectively. Neither the superior/inferior nor the temporal/nasal ratio was significantly different across time points.
RNFL Thickness in OCT Images Versus Retinal Sections
To determine whether RNFL thickness in OCT images is a reliable indicator of actual RNFL thickness, RNFL thickness was measured in paraffin-embedded sections corresponding to locations in linear OCT scans. RNFL thicknesses determined by OCT scans had significantly positive correlations with the thicknesses determined by retinal sections, except for the measurements at 4 weeks after the crush (overall, r ϭ 0.90, P Ͻ 0.001; control and 1 week, r ϭ 0.56, P Ͻ 0.01; 2 weeks, r ϭ 0.80, P Ͻ 0.001; and 4 weeks, r ϭ 0.26, P ϭ 0.19; Fig. 5 ).
We also compared RNFL thicknesses measured in the same control eye at different retinal locations (Fig. 6) . RNFL thicknesses in linear OCT scans at locations 400, 500, and 600 m distant from the center of the optic disc were 34.6 Ϯ 3.6, 27.6 Ϯ 2.2, and 25.2 Ϯ 4.4 m, respectively, compared with corresponding retinal sections of 15.5 Ϯ 3.4, 12.2 Ϯ 2.7, and 10.0 Ϯ 2.8 m, respectively. RNFL thicknesses in the OCT images were significantly thicker than those determined in retinal sections (P Ͻ 0.001, 400 and 500 m; P Ͻ 0.01, 600 m). RNFL thicknesses in both OCT images and retinal sections decreased significantly with lengthening distance from the center of the optic disc (P Ͻ 0.01, 400 vs. 500 m; P Ͻ 0.05, 500 vs. 600 m in both OCT and histologic measurements).
Repeatability and Reproducibility of RNFL Thickness Measurements by OCT
The coefficient of repeatability was less than or equal to 2.5 m in both crushed and control eyes at all experimental time points (Table 1) . When expressed as a percentage of the mean measurement, the coefficient of repeatability was less than 10% except for that of the crushed eyes at 4 weeks (51.9%). The coefficient of reproducibility was less than 2.5 m or 10% in control eyes during the experimental period (Table 2) .
DISCUSSION
We developed an OCT for rat fundus from a commercially available time-domain OCT and successfully evaluated rat RNFL-thickness changes over time in an optic nerve crush model. Recently, Kawaguchi et al. 8 reported on the in vivo evaluation of rat RNFL thickness with SLO. Although the RNFL thicknesses estimated by SLO correlated well with thicknesses determined by histology, the method could neither show the cross-sectional images of RNFL nor determine the absolute thickness. Because of this, OCT is more suitable than SLO for RNFL thickness measurements. However, OCT imaging of the rodent fundus has been challenging because the rodent eye is small, with a short focal length. In previous studies, timedomain OCT of rodent eyes has been reported to be useful in assessing retinal degeneration, 11, 12 choroidal neovascularization, 13 and retinal transplantation. 14 However, the axial resolution of the time-domain OCT used in these studies was not adequate for evaluating RNFL thickness in rodent eyes. To improve the axial resolution, we used a SLD with a broader bandwidth than the built-in SLD, which resulted in visualiza- tion of RNFL as well as other retinal layers. The image quality approached that obtained by the recently reported spectraldomain OCT system, which has high-speed and high-resolution imaging. 15, 17 Using a spectral-domain OCT, Srinivasan et al. 15 reported that RNFL thickness near the optic disc was approximately 30 m in normal Long-Evans rats, which is in good agreement with our results. However, the RNFL thickness measured in OCT images was significantly larger than that measured in retinal sections. The discrepancy may be explained by artifacts inherent in histologic preparation, including tissue shrinkage from fixation and compression during sectioning. 25, 26 In normal human eyes, OCT and histologic studies have shown that the peripapillary RNFL thickness has a doublehump pattern with peaks in the superior and inferior quadrants and troughs in the temporal and nasal quadrants. 27, 28 Both studies showed that the RNFL thickness in the peak quadrants are at least 40% thicker than thicknesses in the trough quadrants. In contrast, peripapillary RNFL thicknesses in rat eyes were relatively uniform, although RNFL in the superior quadrant is significantly thicker than RNFL in the inferior quadrant by approximately 14%. The superior-inferior difference in RNFL thickness may reflect a difference in the density of RGCs, with the highest density in the superotemporal quadrant 29 ; however, in a later study, the findings were not confirmed. 30 Another possibility for the RNFL thickness differences may be artifacts inherent in OCT scanning procedures. A displacement of the scan circle may cause RNFL thickness differences. Given that RNFL thickness decreased in relation to the distance from the center of the optic disc, the scan circle may have been displaced inferiorly, although the scan circle was carefully centered on the optic disc for each CCD camera image during OCT scanning. The perpendicularity of optical sectioning by OCT must be constant along the scan circle. Greater deviation from perpendicularity may result in greater thickness measurements. However, the mean difference at baseline between superior and inferior quadrants in total retinal thickness measured by OCT imaging was less than 2%, indicating that deviation in perpendicularity was not the explanation for the RNFL thickness differences between quadrants (data not shown). The possible regional differences in RNFL thickness in rat eyes deserve further study.
To our knowledge, no studies have reported on the OCT evaluation of RNFL thickness changes in rodent models of optic nerve injuries. The optic nerve crush model is a wellestablished model for glaucoma and optic neuropathy; it induces RGC loss secondary to the mechanical damage to the axon. 1, 2 The time courses and the magnitude of RGC loss after axonal injury are different depending on the site (intracranial versus intraorbital injury) and the severity of the insult (from partial crush to total axotomy). [31] [32] [33] Several studies showed that optic nerve injury causes a delayed phase of RGC loss (secondary degeneration) after a rapid phase of cell death due to the primary insult. 34, 35 Although RGC loss after optic nerve crush has been examined in several studies, the information regarding the postcrush changes in intraretinal RGC axons is quite limited. 4, 7, 8 Recently, we reported on the in vivo SLO evaluation of RNFL changes in the rat optic nerve crush model. 8 The range of refractive values in SLO in which the RNFL reflex was clearly observed was unchanged 1 week after the crush, but then decreased significantly and progressively after the second week. In this study, using the same rat model, we used OCT and observed similar RNFL changes over time after the optic nerve crush. The RNFL thickness changes did not differ much by quadrant in this study. These results were also in agreement with the SLO study, which demonstrated the uniform attenuation of RNFL reflex after the crush. In contrast, Higashide et al. 19 reported that the decrease in the RGC counts evaluated in vivo by SLO had already exceeded 50% at 1 week in exactly the same experimental model as this study. Therefore, the reduction of RNFL thickness appeared to be lagging behind the RGC loss. The reason for the dissociation of time courses between loss of intraretinal axons and cell bodies is currently unknown. The clearance processes for intraretinal RGC axons may differ from those for cell bodies. Further studies examining the relationship between RNFL thickness and severity of the crush injury and between RNFL thickness and the number of surviving RGCs will enhance the understanding of the process of retinal nerve fiber loss after optic nerve injury. Also, RNFL thickness measurements at time points earlier than 1 week after injury would be informative regarding acute responses to optic nerve crush injury including tissue edema. However, conjunctival swelling may cause difficulty in obtaining clear OCT images in the early time frame.
In this study, RNFL thickness measurements by OCT had relatively good repeatability and reproducibility (Յ2.5 m) in comparison with measurements in human eyes. The test-retest variability of human RNFL thickness measurements by Stratus OCT was reported to be within 6 m. 36 However, when expressed as a percentage of the mean measurement, repeatability in this study was poor in crushed eyes at 4 weeks with a mean RNFL thickness of 4.5 m. Reflecting this result, RNFL thicknesses that were determined by OCT scans had no significant correlation with thicknesses determined by retinal sections at 4 weeks after the crush. The poor repeatability and poor correlation with retinal sections for RNFL thickness less than 5 m may be explained by the limitation in the axial resolution of the OCT system. The current OCT system has several areas that need improvement. First, although the repeatability and reproducibility of RNFL thickness measurements were relatively good, the measurements were performed manually because the dynamic range and signal-to-noise ratio of OCT images may not be sufficient to allow computerized segmentation of the retinal layers for automatic measurements. Obviously, manual measurements are time-consuming and likely to involve subjective bias. In this regard, we are trying multiple scan averaging to improve the signal-to-noise ratio. 37 Although our time-domain OCT takes considerable time for a single scan (4.5 seconds), rats under general anesthesia did not cause significant motion problems during the scan. However, for multiple scan averaging, we additionally used a fixation device for the rat's head (Fig. 7B) , which successfully maintained stability of the rat fundus for at least several minutes. Preliminary data showed improved image quality by multiple scan averaging (Fig. 7) . However, to construct a peripapillary RNFL thickness map instead of a circumpapillary thickness profile with a fixeddiameter scan circle, it is mandatory to use 3D-OCT imaging, 15, 17 which is made possible by spectral-domain OCT, which has much faster scanning speed than time-domain OCT.
In conclusion, we developed an OCT for in vivo imaging and quantitative evaluation of rat RNFL from a commercially available time-domain OCT. Evaluation of rat RNFL by OCT will be informative not only in optic nerve crush models but also in other models of optic nerve damage for studying the pathology 
